Objective: Low-dose hydrocortisone (LDH) enhances aspects of learning and memory in select populations including patients with posttraumatic stress disorder and HIVinfected men. HIV-infected women show impairments in learning and memory, but the cognitive effects of LDH in HIV-infected women are unknown.
Introduction
Despite effective antiretroviral therapies, milder forms of cognitive impairment persist among people living with HIV (PLWH). To date, very little is known about the pathophysiology underlying HIV-associated complications among PLWH on antiretrovirals. Potential mechanisms of HIV-associated cognitive impairment include direct neurotoxic effects of the virus such as the release of neurotoxic viral proteins such as Tat and gp120 [1] , as well as indirect neurotoxic monocyte-driven inflammatory processes [2] . Characterizing the mechanisms underlying cognitive impairment will facilitate the development of new cognitive therapies among PLWH.
Viral infections such as HIV induce high levels of circulating inflammatory cytokines which can activate the HPA axis at several levels. HIV-infected men show alterations in HPA axis function, including elevated basal cortisol levels, increased cortisol over time, attenuated cortisol responsivity to behavioral and corticotropinreleasing hormone challenges, and alterations in the diurnal rhythm of cortisol secretion [11] [12] [13] [14] [15] [16] [17] [18] . However, studies have not examined alterations in cortisol relation to cognition. Similarly, although in healthy individuals immune parameters such as IL-6, IL-b, and C-reactive protein (CRP) shift following psychosocial stress paradigms that engage the HPA axis [19] , studies have not examined these effects in PLWH nor have they linked such effects to cognition. It is known that peripheral systemic inflammatory markers including IL-6, IL-b, interferon metabolism (IP-10), CRP, and soluble levels of monocyte cell surface markers (sCD163, sCD14) are associated with cognitive dysfunction among PLWH [20] [21] [22] [23] . It remains to be determined whether altering the HPA axis in HIV can influence cognition through effects on cytokine production.
One experimental approach used to investigate the influence of the HPA axis on learning and memory impairment in HIV is a pharmacological challenge study involving the administration of a low-dose hydrocortisone (LDH), an exogenous glucocorticoid. The glucocorticoid challenge probes HPA-axis-related cortisol and immune changes which may be involved in HIV-related cognitive alterations and offers strengths as an experimental approach to studying the role of the HPA axis, immune function, and cognition. This approach focuses on the causal role of glucocorticoids as a specific mechanism that induces cognitive change. Whereas psychosocial stress paradigms not only produce elevations in cortisol in most participants but also increase subjective stress [24] , the glucocorticoid challenge does not typically induce elevations in subjective stress and allows control over the dose of cortisol. With LDH, the time-dependent effects of cortisol-induced cognitive changes can be examined to distinguish rapid, nongenomic mechanisms that are evident shortly after LDH administration (e.g. 30 min) from slower genomic mechanisms (e.g. 4 h postpill administration) [25, 26] . The delayed time points are of particular interest as they inform understanding of the possible benefits of daily LDH administration as longterm LDH use would affect cognition primarily through genomic mechanisms.
Studies of healthy individuals, HIV-infected men, and individuals with mental health issues such as posttraumatic stress disorder (PTSD) and depression demonstrate that LDH administration reliably increases salivary cortisol levels [25, [27] [28] [29] . Whether LDH induces positive or negative cognitive effects depends on a number of factors including mental health status, sex, dose, and timing between LDH administration and cognitive testing [30] [31] [32] [33] [34] . For example, LDH can impair aspects of declarative memory (e.g. delayed free recall of words, word-pairs, or pictures) in healthy individuals [31, 35] and has no effect on autobiographical verbal memory or verbal working memory in acute depression [36, 37] . However, LDH enhances episodic verbal learning, episodic verbal memory (paragraph free recall), declarative verbal memory, autobiographical verbal memory, and verbal working memory [Letter-Number Sequencing (LNS), Digit Span Backwards] in PTSD [38] [39] [40] [41] . We also found LDH to enhance verbal learning (single-trial learning; total learning across trials) and delayed recall on the Hopkins Verbal Learning Test-R (HVLT-R) in HIV-infected men 30 min after LDH administration [29] . Although the mechanisms underlying these varied effects of LDH on these cognitive abilities are unknown, they may depend in part on basal cortisol levels, levels of neuroinflammation, and/or glucocorticoid receptor availability, sensitivity, and/or function. Such effects may also depend on sex as there are sex differences in HPA axis activity and HPA-related cognitive effects [42, 43] .
Here we investigated the time-dependent effects of LDH on verbal learning and delayed memory in HIV-infected women an understudied group. In a randomized, doubleblind, placebo-controlled cross-over design, 36 HIVinfected women received 10 mg of hydrocortisone (LDH) or placebo before cognitive testing which occurred 30-min and 4-h postpill administration. Given our findings in HIV-infected men, we hypothesized that LDH relative to placebo would enhance verbal learning and delayed memory 30-min post-LDH administration. We also hypothesized that LDH administration may change these abilities by inducing changes in immune functioning [44, 45] .
Methods
Participants Participants were recruited from HIV primary care clinics in the Chicago-land area via advertisements and websites. Inclusionary criteria included confirmed HIV seropositivity via medical record, age 18-45 years, English as first language, and use of same antiretrovirals for at least 3 months. Exclusionary criteria included history of psychosis or Axis I mood or anxiety disorder in the past month based on a structured clinical interview, reported neurological conditions affecting cognition, BMI greater than 40, history of substance abuse/dependence in the past 6 months, and evidence of illicit substance use 24 h before testing on urine toxicology screen. Participants received compensation for travel and time.
Procedures
Participants were first screened by phone for interest and general inclusion/exclusion criteria. Qualifying interested participants visited the University of Illinois at Chicago (UIC) for an initial visit (Session 1) in which they provided informed consent and completed a Diagnostic and Statistical Manual of Mental Disorders IV interview, toxicology screen, vitals assessment, and questionnaires, including Childhood Trauma Questionnaire [46] , Schedule of Life Events checklist [47] , PTSD Checklist-Civilian version [48] , Perceived Stress Scale [49] , Center for Epidemiologic Studies Depression Scale (CES-D) [50] , Pittsburgh Sleep Quality Index [51] , and Medication Adherence Self-Report Inventory [52] .
The study design was a randomized, double-blind, placebo-controlled, cross-over pharmacologic challenge study. The within-subject design controls for individual difference factors including education and premorbid intelligence. After screening (Session 1), participants returned for two subsequent visits (Sessions 2 and 3) that comprised the LDH and placebo testing sessions. Participants were randomized by UIC's Investigational Drug Service (IDS) to receive either LDH (10 mg orally; Qualitest) or placebo at Session 2 and then received the opposite treatment at Session 3. To maintain blinding, UIC IDS encapsulated LDH tablets and placebo tablets which were made from microcrystalline cellulose. Parallel procedures were used at Sessions 2 and 3 and entailed a toxicology screen, pregnancy test, blood draw, vitals assessment, completion of questionnaires and cognitive assessments, and collection of saliva samples. Cognitive assessments occurred 30 min and 4 h postpill administration. Session 2 occurred within 1 week of Session 1, and Session 3 occurred approximately 1 month after Session 2. To control for diurnal variations in cortisol [53] [54] [55] , Sessions 2 and 3 occurred between 1200 h (AE30 min) and 1800 h (AE30 min).
Cognitive measures and outcomes
Verbal learning and memory was assessed with the HVLT-R(learning ¼ immediate Trial 1 learning and total learning across Trials 1-3; memory ¼ delayed recall; strategic organizational encoding and retrieval strategies ¼ semantic clustering across Trials 1-3 and during delayed recall) [56] . Attention and concentration was assessed with the control condition of the LNS task from the Wechsler Adult Intelligence Scale IV (total correct) [57] , Trail Making Test (TMT) Part A (time to completion) [58] , and congruent trials on the computerized Stroop Test (accuracy) [59] . Executive functioning was assessed with the experimental condition of LNS (working memory; total correct) [57] , TMT Part B (mental flexibility, time to completion) [58] , and incongruent trials on Stroop (behavioral inhibition, accuracy). Visuospatial ability was assessed with the Line Orientation Task from the Repeatable Battery for the Assessment of Neuropsychological Status (total correct) [60] . Four alternate versions of the HVLT, LNS, and TMT tests were used to minimize carryover effects [61] [62] [63] . Forms were administered in a counterbalanced manner. Stroop was only administered 30 min postpill administration as this task is more susceptible to practice effects than the other tests administered [63] .
Saliva collection and analysis of cortisol and cytokine levels
To minimize the influence of external factors on cortisol levels, participants were instructed to refrain from recreational drugs and alcohol for 24 h before study sessions, refrain from caffeine/physical exertion for 3 h before appointments, eat a light breakfast low in fat/ protein, and refrain from smoking the day of appointments. During Sessions 2 and 3, salivary samples were obtained at 10 time points. Baseline measures were taken 35 and 20 min before pill administration. Saliva was then measured 30, 60, 90, 180, 210, 240, 270, and 300 min after pill administration. Saliva was collected via straws into Nalgene tubes, stored at À80 8C, batch shipped to Salimetrics, and assayed for cortisol with an enzymeimmunoassay kit (sensitivity <0.007 mg/dl).
For salivary cytokines, saliva was collected at three time points, once 20 min before pill administration (baseline) and then 30 and 240 min after pill administration. Fourteen cytokines were assessed, including IL-6, IL-8, IL-1b, TNF-a, CRP, macrophage migration inhibitory factor (MIF), IP-10, monocyte chemotactic protein (MCP)-1, monokine induced by interferon gamma (MIG), cell surface receptor tumor necrosis factor (TNF) receptor type 2 (TNFRII), and matrix metalloproteinase MMP-9, MMP-2, sCD163, and sCD14. Saliva was assayed using a MILLIPLEX MAP human high-sensitivity T-cell panel immunology multiplex assay (Millipore, Billerica, Massachusetts, USA) to detect IL-1b, IL-6, IL-8, and TNF-a (standard curves 0.18-7500 pg/ml; average interplate coefficient of variation ¼ 9.9%); MILLIPLEX MAP standard sensitivity cytokine to detect IP-10 and MCP1 (standard curve 3.2-10 000 pg/ml; average interplate coefficient of variation ¼ 9%); R&D systems (Minneapolis, Minnesota, USA) singleplex to detect soluble TNFRII (12-50 000 pg/ml; average interplate coefficient of variation ¼ 5.75%), and R&D systems custom 5-plex to detect CRP, MIP, MIG, MMP-2, and MMP-9 (144-96 000 pg/ml; average interplate coefficient of variation ¼ 12.7%). Testing was performed following manufacturer's procedures. Standards and experimental samples were tested in duplicate. Milliplex results were acquired on a Labscan 200 analyzer (Luminex, Austin, Texas, USA) using Bio-Plex manager software 6.1 (Bio-Rad, Hercules, California, USA). R&D Systems ELISAs were used to measure sCD14 and sCD163, plates were read and analyzed by SoftmaxPro [(Softpro, San Jose, California, USA) 250 -16 000 pg/ml; interplate; average interplate coefficient of variation <6%, and 1.5-100 pg/ml; average interplate coefficient of variation <6%, respectively]. A five-point logistic regression curve was used to calculate the concentration from the fluorescence intensity of the bead measurements. Samples below the level of detection were assigned one-half the lowest detectable value for that analyte. All cytokine values were log transformed due to nonnormal distributions. IL-8, IL-6, IL-1b, TNF-a, IP-10, MCP1, CRP, MIG, and MMP9 were included in the original panel of markers. Any missing values would reflect insufficient sample. sCD163, sCD14, TNFRII, MIF, and MMP2 were added for assessment as the study progressed given their relevance to HIV and/or cognitive functioning/ impairment [22, 23, [64] [65] [66] [67] [68] [69] . Thus, these markers are not available on all participants.
Psychological measures
Self-reported measures of stress and anxiety were obtained at 10 time points concurrent with saliva sampling. Measures included State-Trait Anxiety Inventory (STAI) [70] and a two-item visual analog scale (VAS) measuring how 'anxious' and 'stressed' participants felt on a 10-cm line.
Statistical analysis
A series of mixed-effects regression models (MRM, random intercept) were conducted to examine the effects of LDH versus placebo on salivary cortisol levels, psychological measures, and cognition. Models included the following predictors: Treatment (LDH, placebo), Time (Acute, Delayed), and Treatment Â Time interaction. Of primary interest was the effect of Treatment when Time ¼ 0 (Acute) and when Time ¼ 1 (Delayed). Modeling acute and delayed effects in one model enabled adjustment for within-subject trends across time. To account for potential bias due to carry-over effects, models adjusted for sequence of cognitive testing forms and treatment sequence (Supplemental Table 1 , http:// links.lww.com/QAD/B308 provides MRM results examining practice effects). Additional MRMs were conducted to determine LDH-induced cytokine changes and correlations were conducted to determine whether those changes were related to LDH-related cognitive changes. For cytokines, we first computed the median cytokine value across three saliva samples from the placebo day [71] . By using the median of the three placebo day values, we accounted for normal variation in cytokine levels. Then we computed the change from the median cytokine value from the placebo day to acute (e.g., median on placebo day -LDH acute) and delayed time points during the LDH session.
Based on the cognition analyses, exploratory Pearson correlations were conducted to determine potential mechanisms of LDH-related cognitive changes. Correlations were conducted between LDH-related cortisol (area under the curve-with respect to ground [72] ) and immune responsivity (median on placebo day -LDH) and LDHrelated cognitive changes (LDH -placebo). Given that these exploratory correlational analyses were performed for heuristic purposes to examine the potential mechanistic role of cortisol and inflammation, we did not correct for multiple comparisons. Analyses were conducted in SAS (v.9.4 for Windows; SAS Institute, Cary, North Carolina, USA); significance was set at P less than 0.05. Cohen's d effect sizes were computed (small ¼ 0.3; medium ¼ 0.5) [73] .
Results
Among the 36 HIV-infected women, current HIV plasma viral load was undetectable for 42%, and 28% had values at the lowest detectable limit (20 copies/ml) ( Table  1 ). The prevalence of elevated depressive symptoms (42% CES-D score !16) and reported history of sexual abuse (36%) was high. Women reported on average 7.5 stressful life events in the past 6 months and above-average levels of perceived stress in the past month [74] .
Effects of low-dose hydrocortisone versus placebo in HIV-infected women At 30 and 45 min before LDH and placebo (i.e., baseline) mean salivary cortisol levels were 0.21 mg/dl (5.8 nmol/l) and 0.19 mg/dl (5.2 nmol/l). Cortisol levels changed across study duration following LDH administration but not placebo. Compared with baseline levels, cortisol levels increased at 105 and 150-min post-LDH administration (P < 0.001), the time frame when the first 'acute' cognitive battery was administered. Importantly, cortisol levels returned to baseline levels at the 315 and 360-min time points following LDH (P > 0.11), the time frame when the second 'delayed' cognitive assessment was obtained. Cortisol levels remained stable across the placebo study session. Following LDH and placebo, selfreported anxiety on the STAI (Treatment Â Time P ¼ 0.10) and VAS remained stable across study duration and Session (Treatment Â Time P > 0.18).
At the 30-min time point, LDH improved performance versus placebo on HVLT trial 1 learning and delayed recall, LNS working memory, Stroop incongruent trials, and line orientation ( Table 2 ; Fig. 1 ). The effects of LDH versus placebo were substantially larger than any benefit due to practice on all outcomes except LNS working memory (Supplemental Table 1 , http://links.lww.com/QAD/ B308). Specifically, the LDH effects versus placebo were more than 200% greater than the benefit gained from practice on HVLT trial 1 [(0.22 from practice À 0.78 from LDH)/0.22], 59% greater on delayed recall, 17% greater on Stroop incongruent trials, and more than 300% greater on line orientation. Although LDH benefits were seen on LNS working memory, the benefit was 17% less than the benefit derived from practice. At the 4-h time point, LDH improved performance versus placebo on HVLT total learning, delayed recall, and strategic organizational retrieval strategies. The effects of LDH versus placebo were more than 500% larger than any benefit due to practice on all of these HVLT outcome measures. Controlling for strategic organizational retrieval strategies eliminated the delayed effect of LDH on delayed recall (P ¼ 0.29).
Among the cytokines examined, on average, LDH only changed IL-1b, MIF, and sCD14 (P < 0.05). LDH increased IL-1b [unstandardized beta coefficient (B) ¼ 0.14, standard error (SE) ¼ 0.07, P ¼ 0.04] and decreased MIF (B ¼ À0.27, SE ¼ 0.12, P ¼ 0.03) across time. LDH decreased sCD14 at the 30-min time point (B ¼ À1.98, SE ¼ 0.95, P ¼ 0.04). Do individual differences in salivary cortisol and/ or immune responsivity to low-dose hydrocortisone correlate with low-dose hydrocortisone-related cognitive improvements versus placebo? The magnitude of LDH-related salivary cortisol increases was not associated with cognitive improvements at the 30-min time point and was only associated with improved performance on HVLT delayed recall at the 4-h time point (Fig. 2) . LDH changes in immune markers were associated with cognitive improvements at both time points (Fig. 3) . At the 30-min time point, greater LDHinduced reductions in IP-10, TNF-a, TNFRII, MCP1, MMP9, and sCD14 were associated with improvements in executive functioning (LNS working memory, Stroop incongruent trials; P < 0.05). At the 4-h time point, LDH-induced reductions in IL-6, IL-1b, IP-10, MCP1, MMP9, MMP2, MIF, MIG, and sCD163 were associated with HVLT improvements (learning, memory, and strategic retrieval; P < 0.05).
Discussion
Our primary goal was to examine the cognitive effects of LDH versus placebo in HIV-infected women. In our within-subjects design, we found that versus placebo, LDH had cognitive enhancing effects both 30 min and 4 h after administration. At the 30-min time point, LDH improved verbal learning and delayed memory, working memory, behavioral inhibition, and visuospatial abilities. LDH improvements on all of these abilities excluding working memory were larger than improvements due to practice and the effect sizes were generally small. The benefits of LDH on these abilities were only seen at the 30-min time point suggesting a temporary, nongenomic mechanism. The benefits of LDH on verbal learning and delayed memory, as well as strategic retrieval, were also seen at the 4-h time point. These effect sizes were medium and were larger than any benefit due to the practice. The enduring benefit on verbal learning and delayed memory suggests a genomic mechanism that is maintained after cortisol levels return to baseline [25] [26] [27] 75] . Notably, the findings at the 4-h time point indicate specificity of benefits to cognitive domains subserved by the hippocampus and prefrontal cortex, brain regions abundant with glucocorticoid receptors. Altogether, the pattern of findings suggests that LDH might enhance verbal learning and delayed memory in HIV-infected women through genomic effects on glucocorticoid receptors in the hippocampus and prefrontal cortex. Supporting this view, a functional MRI study showed that hippocampal and prefrontal function is altered during a memory encoding task 180 min after LDH administration [26] .
In addition to the glucocorticoid effects on the hippocampus and prefrontal cortex, the acute and delayed cognitive enhancing effects of LDH among HIV-infected women appear to be in part due to LDH-induced reductions in inflammation and for delayed memory were also due to cortisol responsivity. At the 30-min time point, LDHinduced reductions in six of 14 immune markers (43%), including IP-10, TNF-a, TNFRII, MCP1, MMP9, and sCD14 were associated with LDH-induced enhancements in executive function. At the 4-h time point, LDHinduced reductions in nine out of 14 immune markers (64%) including IL-6, IL-1b, IP-10, MCP1, MMP9, MMP2, MIF, MIG, and sCD163 were associated with LDH-induced enhancements in verbal learning, delayed memory, and strategic retrieval. Glucocorticoids are known to alter a number of cytokines including the ones that changed with LDH administration in the current study -IL-1b, IL-8, MIF, and sCD14 [76] [77] [78] . Although immune changes were associated with cognitive changes, changes in cortisol generally were not; the exception was that increased cortisol responsivity was associated with 3 . Raw correlations between immune responsivity and cognitive improvement due to low-dose hydrocortisone at the (a) immediate, rapid (30 min) and (b) delayed, slow (4 h) time point. ÃÃÃ P < 0.01; ÃÃ P < 0.05; Ã P < 0.10. Immune responsivity calculated as placebo minus low-dose hydrocortisone; cognitive improvement was calculated as low-dose hydrocortisone minus placebo. Thus, when the magnitude of the association is positive (blue) that means that the greater the reduction in inflammatory markers is associated with greater cognitive improvement with low-dose hydrocortisone. All women (n ¼ 36) had values for IL-8, IL-6, IL-1b, and TNF-a; 35 women had values for IP-10, monocyte chemotactic protein-1, C-reactive protein, and monokine induced by interferon gamma; 32 women had values for MMP9; 23 women had values for sCD163; 19 women had values for tumor necrosis factor receptor type 2; 18 women had values for migration inhibitory factor and MMP2; 17 women had values for sCD14. IL-8, IL-6, IL-1b, TNF-a, IP-10, monocyte chemotactic protein-1, C-reactive protein, monokine induced by interferon gamma, and MMP9 were part of the original panel of markers; thus, missing values on these immune markers reflect sample availability. sCD163, sCD14, tumor necrosis factor receptor type 2, migration inhibitory factor, and MMP2 were added as the study progressed and thus not all women have these markers.
improved delayed verbal memory at the 4-h time point. Therefore, it appears that individual differences in cognitive response to LDH were strongly related to individual differences in immune response to LDH, but more weakly associated with individual differences in cortisol levels.
Our findings of a beneficial effect of LDH versus placebo in HIV-infected women may not be specific to HIV but rather may be due to the participants' psychological status. Participants reported elevated childhood trauma, exposure to interpersonal violence, above-average levels of perceived stress [74] , and depressive symptoms. In PTSD, LDH has also been shown to have acute (between 30 and 75 min) enhancing effects on verbal episodic, declarative, autobiographical, and working memory [38] [39] [40] [41] that appear to be related to alterations in limbicprefrontal connections [39, 79] possibly in a sex-dependent manner [79] . In contrast, healthy individuals often demonstrate negative effects of acute LDH treatment on declarative memory [31] and individuals with depression show no positive or negative benefit of LDH on autobiographical verbal or working memory [36, 37] . Larger scale studies are needed to examine the modulatory effects of these factors on the impact of LDH on cognition among HIV-infected women.
The pattern and potential mechanisms underlying the cognitive effects of LDH in HIV-infected women differed from our findings in HIV-infected men [29] . Using the same procedures in HIV-infected men, we found that LDH only improved verbal learning at the 30-min time point -a benefit associated with individual differences in LDH-induced changes in cortisol levels [29] . In the current study, LDH-induced increases in cortisol were associated with improvements in delayed memory, whereas no such relationship was observed in our prior study in men. Although these findings regarding sex differences are preliminary and in need of replication, there are known sex differences in HPA axis activity [42, 43] , in the association between cortisol and memory [80, 81] , and in the cognitive response to stressor-induced increases in cortisol (women more sensitive) [80] [81] [82] [83] . Sex differences in immune function in HIV [84] [85] [86] including monocyte-driven inflammatory biomarkers are also reported [87] [88] [89] [90] [91] . There are bidirectional influences of HPA axis and immune function [9, 10] , but the effects of HIVand sex on these influences have not yet been elucidated. It is also important to consider sex differences in trauma exposure, mental health, and substance use [29] , as HIV-infected women were more likely to report psychological risk factors but less likely to smoke, use cannabis, and have a history of alcohol use disorders versus our sample of HIV-infected men.
The study has a number of limitations including the relatively small number of women and number of exploratory statistical comparisons. In addition, we did not assess baseline cognitive status. As in other LDH studies, we included current smokers but had them refrain from smoking the day of appointments. Nicotine withdrawal can induce increases in glucocorticoid levels and changes in HPA axis sensitivity [92, 93] , but adjusting for smoking did not change our results. As in many HIV studies, we included cannabis users, which is another substance that can alter HPA axis responsivity [94] but again adjusting for cannabis use did not change our results. Larger studies are needed to understand the impact of these substances in the context of HIV and whether they moderate the impact of LDH on cognition.
In sum, administration of LDH in HIV-infected women enhanced a number of cognitive abilities acutely and in the longer term. The finding of cognitive benefits in HIV-infected women at the delayed time point, when cortisol levels returned to baseline, indicates that targeting the HPA axis may have utility for treating cognitive impairments in HIV-infected women. Larger studies are needed to verify the cognitive-enhancing effects of LDH, to determine whether effects are observed with extended daily use of LDH, to verify the genomic and immune mechanisms contributing to LDH-induced cognitive enhancements, and to understand the factors that determine cognitive response to LDH.
